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SUMMARY 

Experimental results are presented that show the effects of blade 
pitch angle and number of blades on classical flutter of a composite 
advanced turboprop (propfan) model. An Increase In the number of blades 
on the rotor or the blade pitch angle Is destabllzlng which shows an 
aerodynamic coupling or cascade effect between blades. The flutter 
came In suddenly and all blades vibrated at the same frequency but at 
different amplitudes and with a common predominant phase angle between 
consecutive blades. This further Indicates aerodynamic coupling 
between blades. The flutter frequency was between the first two blade 
normal modes, signifying an aerodynamic coupling between the normal 
modes. Flutter was observed at all blade pitch angles from small to 
large angles-of-attack of the blades. A strong blade response occurred, 
for four blades at the two-per-revolutlon (2P) frequency, when the rotor 
speed was near the crossing of the flutter mode frequency and the 2P 
order line. This Is because the damping Is low near the flutter 
condition and the Interblade phase angle of the flutter mode and the 2P 
response are the same. 


INTRODUCTION 

The unconventional features of the propfan add complexity to Its 
aeroelastlc analysis. The blades are thin and flexible, thus 
deflections due to centrifugal and aerodynamic loads are large. Hence, 
analyses require geometric nonlinear theory of elasticity. Also, the 
blades are of low aspect ratio and large sweep, and operate In subsonic, 
transonic, and possibly supersonic flows. Therefore, three-dimensional , 
unsteady aerodynamic theory Is required for accurate analysis. The 
blades have large sweep and twist, which couples blade bending and 
torsion motions, and are plate-like structures because of their low 
aspect ratio. These factors require a finite element structural model 
for accurate analysis. Then, there are six or more blades on the rotor 
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which means aerodynamic coupling between blades or cascade effects 
should be considered. These features require the use of both 
experimental and analytical work to understand propfan aeroelastlc 
phenomena and to develop aeroelastlc analysis methods for the design of 
propfans . 

Classical flutter of a propfan occurred unexpectedly during an 
earlier wind tunnel experiment on a model with ten highly swept titanium 
blades. For that model, the blade tip relative flow at flutter was 
transonic, between Mach 0.95 and 1.05, and the flutter frequency was 
almost equal to the blade first normal mode frequency. Also, based on 
the three-quarter radius and the semichord, the reduced flutter 
frequency was between 0.17 and 0.19 and the blade-to-alr mass ratio was 
115. The measured flutter speed was much lower than predicted by 
two-dimensional, subsonic, unsteady. Isolated airfoil aerodynamic 
theory with a beam structural model for the blade. The difference 
between theory and experiment prompted an experimental and analytical 
effort. To evaluate the effect of aerodynamic coupling on flutter, 
two-, five-, and ten-blade configurations of the highly swept model 
were tested. These experiments revealed that aerodynamic coupling 
significantly lowered the flutter boundaries, and that the flutter was 
classical with coupling between the normal modes of the blade. The 
test results provided guidance to refine analytical models. The first 
phase of refinements Included Incorporation of two-dimensional, 
subsonic, unsteady, cascade aerodynamics with a sweep correction , based 
on similarity laws, and an Idealized beam structural model of each 
blade. Analytical and experimental results from that study were 
correlated In reference [1]. The second phase of analytical refinements 
Included the use of mode shapes and frequencies from a finite-element 
plate structural model In a modal flutter analysis with the same 
aerodynamics as In reference [1]. References [2] and [3] document some 
of this analytical work and correlate analytical and experimental 
results. The correlation between theory and experiment In references 
[1,2 and 3] varied from poor to good. Hence, there was a need to 
further understand the phenomena and to get data In the subsonic flow 
regime In order to develop and validate analytical models. 

The present study was then planned to obtain flutter data In 
subsonic relative flows at the blade tip and to further Investigate the 
phenomena of propfan unstalled bending-torsion flutter. A blade design 
was tailored by the use of composite material. This paper describes 
the model blades, the experiment and the results. 


FLUTTER MODEL BLADES 

A flutter model, designated SR3C-X2, made from graphite-ply/ 
epoxy-matrix material was designed with the flutter analysis described 
In reference [2]. The blade was designed for research purposes only 
and was not dynamically scaled from a large blade. Under a cooperative 
effort, NASA Lewis Research Center developed the finite element model 
and provided the modal data for the flutter analysis, Hamilton Standard 
performed the flutter analysis and NASA Ames fabricated the blades. 
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The design was tailored by the orientation of the unidirectional 
tape material used for blade construction. Figure 1 shows the ply 
directions. The blades had 80 percent of their plys oriented along the 
0° axis shown. The remaining plys were oriented along the ±22.5° 
dl rectlons . 

Figure 2 shows a photo of the blade. It has a geometric midchord 
sweep of 45° at its tip and a nominal tip diameter of 0.62 m (2 ft). 

The blade-to-alr mass ratio Is 33. 

Figure 3 shows the variation with rotational speed of natural 
frequencies. In vacuum, for the SR3C-X2 blade from an HSC NASTRAN 
finite element plate model. The measured average bench natural 
frequency of eight blades Is also Indicated for comparison. Figure 4 
shows hologram photos of the measured bench mode shapes and 
corresponding natural frequencies of one of the blades. Here, the 
black fringes represent constant displacement contours and the whitest 
fringes are nodes or areas of near zero displacement. It can be seen 
from the displacement contours that the first mode Is primarily flexural 
but also has a large degree of torsion and the second mode Is primarily 
torsional near the tip. It will be shown later that flutter occurred 
between these two modes. 


FLUTTER EXPERIMENT 

The experiment was conducted In the Lewis 8-by-6-ft 
(2.44-by-l .83 m) wind tunnel at tunnel Mach numbers from 0.36 to 0.75 
and rotor speeds up to 8000 rpm. Eight- and four-blade rotors were 
tested to Investigate the degree of aerodynamic coupling between 
blades. The blades were mounted In a hub which can be considered 
rigid. Figure 5 shows the rotors In the wind tunnel. The rotor was 
driven by an air turbine and Its axis was aligned with the tunnel flow. 

Blade mounted strain gages provided the vibration data. Each 
blade had at least one gage, since the blade amplitudes at flutter were 
expected to differ. Figure 6 shows the Instrumentation Installed for 
the two rotors. The number of strain gages was limited since only ten 
signals could be taken from the rotor. The gages were located at the 
points of maximum strain for the first four normal blade modes, as 
determined by finite element analysis. Only dynamic strain signals 
were recorded and monitored during the test. Gage 2 usually had the 
maximum response at flutter for both rotors but Gage 3 gave a greater 
response when the flutter mode changed with the eight blade rotor. The 
flutter modes are discussed later. 

The test variables were tunnel Mach number, rotor speed and 
propeller blade pitch. The blade pitch angle, So.75R " the acute 

angle that the blade chord makes with the plane of rotation at the 0.75 
blade radius, was locked manually. The wind tunnel was then started 
and a Mach number was set. The propeller was left In the unpowered or 
wlndmllllng condition during tunnel speed changes. The rotor was then 
powered and Its speed slowly Increased until flutter occurred or an 
operating limit was reached. 
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Flutter was not always reached because of three operating limits. 
At some conditions the rpm was limited by the power available from the 
rotor air drive system. Then, rotor speed was limited to 8000 rpm 
because of blade strength. Also, because of blade strength there was 
an Intended limit of 700 microstrain (0-peak) on blade dynamic strain - 
It was exceeded at times during flutter. To get out of high stress 
conditions during flutter the following was done: In the powered rotor 

conditions, the rotor speed was dropped; In the unpowered rotor 
condition, the tunnel Mach number was dropped. 


EXPERIMENTAL RESULTS 

Figure 7 summarizes the operating boundaries of the experiment. 

The range of test variables are: tunnel Mach number, 0.36 to 0.75; 

rotor speed, windmill rpm to 8000 rpm; and blade pitch angle, 56.6° to 
68.4°. The operating procedure described above traces a vertical path 
on the figure from the windmilling rpm to the boundary. Two types of 
blade activity are Identified. Points labeled "F" designated blade 
flutter. Points labeled "2P" designate a blade forced response at a 
two-per-r evolution frequency. The rig power limit existed at points 
labeled "P" and the blade rpm limit at points labeled "R". Open 
symbols represent the four-blade rotor and closed symbols the 
eight-blade rotor. 

Comparing the flutter boundaries (points labeled "F") for the two 
rotors at the same blade angle and Mach number. It Is seen that the 
critical rpm Is higher for four than for eight blades at all conditions. 
This Indicates that aerodynamic coupling (the cascade effect) reduces 
the flutter speed. The flutter occurred at small angles-of-attack of 
the blades (wlndmllllng points), as well as large angles-of-attack at 
all blade pitch angles. 

The flutter came In with explosive suddenness. The amplitude would 
grow from very low to very high levels with an Increase In rpm of about 
1 percent. Figure 8(a) and (b) Illustrate the rapid Increase In stress 
amplitude, at two different conditions. Figure 8(a) Is for a tip 
torsion gage and figure 8(b) Is for a flexure sensitive gage. In one 
case, the strain amplitude reached about three times Its Intended 
limit, and In the other over four times. Most of the flutter points In 
figure 7 are shown at the rotational speed where the sudden stress rise 
occurred. In some cases the authors became cautious and used the 
unsteadiness of the flutter frequency amplitude peak, from an on-line 
spectral analyzer, to Infer the proximity to the explosive growth point. 
Nevertheless, It Is estimated that all flutter points In figure 7 are 
within 80 rpm of the explosive condition. The arrows of figure 8 
Indicate the direction of rpm change. 

Time history records at the flutter condition show a limit 
amplitude was reached at the large displacements experienced. A limit 
amplitude Is possible due to aerodynamic and/or structural 
nonllnearltles which occur at large displacement amplitudes. Nonlinear 
response was also evidenced by the presence of harmonics of the flutter 
frequency In the spectra at these conditions. Although high stresses 
were reached no blades were damaged during the test. 
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Figure 9 shows the stress amplitudes during flutter at typical 
conditions. The blade amplitudes varied because the Individual blade 
properties differed, that Is, the rotor was mlstuned. 

Figure 10 shows the flutter data of figure 7 replotted to display 
the effect of blade pitch angle on the flutter boundaries. The flutter 
boundaries for eight and four blades are shown on separate plots. Note, 
a blade tip rotational Mach number ordinate scale Is Included, based on 
an airflow static temperature of 529° R. It can be seen that an 
Increase an blade pitch angle decreases the critical rotational speed 
at a constant tunnel Mach number for all cases, except for four blades 
at windmill conditions (marked "W"). This decrease Is due to a change 
In aerodynamic coupling between blades, a change In the blade loading 
and/or a change of the blades normal mode shapes and frequencies under 
centrifugal loading. 

For a rotor of N identical blades at flutter, the phase angle 
between adjacent blades Is the same. Thus, In a rotating frame of 
reference, a traveling wave can describe the flutter. A forward 
traveling wave Is defined as one traveling In the direction of rotation. 
The phase angle between blades (Interblade phase angle). In degrees, 
for each of the possible flutter modes Is given by 

a k = ; k = 0.1 f 2, • . . ,N-1 (1) 

where k Is the phase angle Index. 

Figure 11(a) Is a plot of the measured phase angle at flutter of 

each blade relative to blade 1 for the four-blade rotor. The possible 

Interblade phase angle modes, given by equation 1, are represented by 
the lines thru the origin. The x-axIs represents the 0° phase angle. 

The figure shows that the predominant phase angle Is 180°. This 
corresponds to a 2 nodal diameter pattern (the number of diametral node 
lines around the rotor). Some data points fall off the 180° mode line, 
hence, the actual phase angle between blades varied around the rotor. 
This Is because the rotor was mlstuned, and more than one Interblade 
phase angle mode participated simultaneously. 

Similarly, figure 11(b) Is a plot of the measured phase angle of 

each blade relative to blade 1 at flutter for the eight-blade rotor. 

Again, the Interblade phase angle mode lines are shown. The eight 
blade data also shows evidence of mlstunlng. In addition, It displays 
a change of the predominant flutter mode with blade pitch. At a blade 
pitch of 61.6° the 225° mode Is predominant, which Is the same as 
-135°, and corresponds to a backward traveling wave of 3 nodal 
diameters. Then, at a blade pitch of 68.4° the 180° mode, 4 nodal 
diameter pattern. Is predominant. Furthermore, at 56.6° blade pitch 
both the 180° and the 225° modes are evident. 

Figures 12(a) and (b) give the measured flutter frequencies for 
the four-blade and the eight-blade rotors respectively. The harmonic 
order excitation lines of rotational speed and the analytically 
predicted first and second natural mode lines are also shown. For both 
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rotor configurations the flutter mode frequency falls between 254 and 
284 Hz and Is between the first two normal modes Indicating aerodynamic 
coupling of the normal modes. In contrast, the flutter frequency for 
the rotor of titanium blades described In reference [1] was very close 
to the first blade normal mode frequency. This Indicates a weaker 
aerodynamic coupling between normal modes for the titanium blades. The 
difference Is caused by the lower blade-to-alr mass ratio for the 
composite blades. Note, the flutter frequencies are nearly the same 
for four and eight blades, showing only a small effect of cascade 
aerodynamics on the flutter frequencies. 

A significant blade response occurred with the four-blade rotor at 
the 2P frequency. Referring to figure 12(a), this occurred when the 
flutter mode was near the crossing with the 2P order excitation line. 

The points labeled "2P" on figure 7 designate these respondse points. 
This response occurs because the damping Is low near the flutter 
condition and the Interblade phase angle of the flutter mode and the 2P 
response are the same for four blades. Of course, a source of 
excitation at the 2P frequency Is Implied. This excitation source Is 
not understood at this time. No corresponding blade response occurred 
with the eight-blade rotor. This Is because the flutter frequency did 
not approach as near to the 2P excitation line (see figure 12(b)) and 
the Interblade phase angle of the flutter mode and a 2P response Is 
different for eight blades. 

Figure 13(a) shows a spectrum of the strain amplitude near the 
2P/flutter mode speed crossing of the four-blade rotor. The IP (127 
Hz) and 2P (254 Hz) frequencies are labeled, as well as frequencies at 
264 and 274 Hz respectively ("F"). The strongest response Is at the 
(2P) 254 Hz frequency but there Is also a weaker response at 274 Hz 
which Is the flutter mode frequency. In addition, there Is a lower 
amplitude peak labeled 264 Hz. It Is possible to have more than one 
Interblade phase angle mode close to Instability at the same time. The 
264 Hz frequency Is Inferred to be such a dual flutter mode. Typically, 
a second frequency peak, of lower amplitude, was observed In the data 
near the flutter frequency. 

Figure 13(b) shows a strain amplitude spectrum of the four-blade 
rotor, at 5160 rpm, away from the 2P crossing. Here, a large amplitude 
exists only at the 264 Hz flutter frequency. There was no evidence of 
a 3P response with either four or eight blades, although the flutter 
mode crosses the 3P order line. This Indicates that a source of 3P 
excitation was not present. 

Figure 14 shows the reduced flutter frequency, kf, plotted against 
relative Mach number for both rotors. The reduced flutter frequency Is 
based on semichord and the relative Mach number are calculated at the 
blade 0.75 radius. The data shows a decrease of reduced flutter 
frequency with an Increase of relative Mach number. The only exception 
Is with four blades at the windmill points, labeled "W". The reduced 
flutter frequency falls between 0.34 and 0.41 for eight blades, and 
0.31 and 0.38 for four blades. 

Figure 15 shows the blade tip relative Mach number at flutter 
plotted against rotational speed for both rotors. The data Indicate 


6 



that the flow Is In the high subsonic regime. The trend of the data for 
eight blades at each of the three blade angles shows a rise and then a 
fall of blade tip relative Mach number as rotor speed Is Increased. 
Whereas, the data for four blades Is more random and shows no such 
trend. The blade tip relative Hach number at flutter falls between 

0.77 and 0.87 for eight blades and 0.80 and 0.90 for four blades. In 
general, flutter occurred at lower relative Hach numbers for eight than 
four blades at the same blade angle. 


OBSERVATIONS AND CONCLUSION 

An experimental study was performed with a propfan model to obtain 
flutter data In subsonic relative flows at the blade tip and to 
Investigate the phenomena of propfan unstalled bending-torsion 
flutter. Composite material was used to tailor the blade structural 
properties to obtain flutter In subsonic relative flows at the blade 
tip. Based on the results of this study the following observations and 
conclusions are made: 

1. Classical bending-torsion unstalled flutter was observed. The 
flutter frequency was between the first two normal modes, Indicating an 
aerodynamic coupling effect between the normal modes, and the flutter 
occurred from small to large angles-of-attack of the blades. 

2. With eight blades flutter occurred predomlnantely In either the 
180° (four nodal diameter) or 225° (three nodal diameter, backward) 
rotor flutter mode, whereas, with four blades flutter occurred 
predomlnantely In the 180° (two nodal diameter) rotor flutter mode. 

This Indicates an aerodynamic coupling (cascade effect) between the 
blades and that the Interblade phase angle mode at flutter Is affected 
by the blade pitch angle. 

3. The flutter frequencies were Identical on all the blades but 
the strain amplitudes were not. The strain amplitude variation Is 
attributed to blade frequency mlstunlng. This also shows an 
aerodynamic coupling effect between the blades. 

4. Increasing the number of blades on the rotor Is destabllzlng. 
This Is Inferred to be due to a difference In the aerodynamic coupling 
between blades. 

5. Increasing the blade pitch angle Is destabllzlng. This may be 
due to a change In aerodynamic coupling between blades, a change In the 
blade loading and/or a change of the blade normal mode shapes and 
frequencies under centrifugal loading. 

6. The reduced flutter frequency was between 0.34 and 0.41 for 
eight blades and between 0.31 and 0.38 for four blades. 

7. The blade tip relative Hach number at flutter was between 0.77 
and 0.87 for eight blades and between 0.80 and 0.90 for four blades. 
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8. A strong blade response occurred with four blades at the 
two-per-revolutlon frequency when the rotational speed was near the 
crossing of the flutter mode frequency and the 2P order line. This Is 
because the damping Is low near the flutter condition and the Interblade 
phase angle of the flutter mode and the 2P response are the same. 
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Figure 1. - Ply directions for flutter blade. 


SR3C-X2 flutter model blade. 
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Figure 3. - Variation of natural frequency with rotational speed, 
|3n 7i;d = 57°, SR3C-X2 model blades. 
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Figure 4. - Bench measured natural frequencies and mode 
shapes, SR3C-X2 model, blade number 6. 



(a) 8 -blade rotor. 

Figure 5. - SR3C - X2 model installation in the Lewis 8x6 ft 
wind tunnel. 



I 


CODE CONDITION 



P 

R 

F 

2P 


RIG POWER LIMIT 
BLADE rpm LIMIT (8000) 

FLUTTER RESPONSE 

TWO PER REVOLUTION RESPONSE 


OPEN SYMBOLS DENOTE 
4 BLADES IN ROTOR 
CLOSED SYMBOLS DENOTE 
8 BLADES IN ROTOR 


2P 


64.9° 




FREESTREAM MACH NUMBER 


Figure 7. - Operating boundaries of the SR3C-X2 flutter experiment, 8x6-ft wind tunnel. 




Figure 8. - Peak strain amplitude variation with rpm at flutter, 8-blade 
rotor , SR3C-X2 model. 
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(a) Eight blades. 
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(b) Four blades. 
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Figure 9. - Typical blade-to-blade variation in strain amplitudes at flutter, Pq 75r - 56. 6°. blade 
gage 1. 
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Figure 14. - Flutter reduced frequency, SR3C-X2 model. 
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(b) Four-blade rotor. 

Figure 15. - Tip relative Mach number 
at flutter, SR3C-X2 model. 
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